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Bacillus thuringiensis Kurstaki, a bacterium that is a source of biopesticides and a safe simulant for
pathogenic Bacillus species, was used to isolate seven unique bacteriophages. The phage genomes were
sequenced and ranged in size from 158,100 to 163,019 bp encoding 290–299 genes, and the GC content of
38% was similar to that of the host bacterium. All phages had terminal repeats 2–3 kb long. Three of the
phages encoded tRNAs and three contained a self-splicing intron in the DNA polymerase gene. They were
categorized as a single cluster (460% nucleotide conservation) containing three subclusters (480%
nucleotide conservation), supported by genomic synteny and phylogenetic analysis. Considering the
published genomes of phages that infect the genus Bacillus and noting the ability of many of the Bacillus
cereus group phages to infect multiple species, a clustering system based on gene content is proposed.
& 2015 Elsevier Inc. All rights reserved.Introduction
Bacteriophages (phages) may be the most abundant and
diverse life form, with an estimated count of 1031 phage particles
on Earth, but very few have been investigated (Hendrix, 2003). In
recent years, there have been educational programs using phage
discovery as a model for promoting early interest in science; these
programs have resulted in discovery and analysis of hundreds of
phages infecting a variety of hosts (Jordan et al., 2014; Hanaeur
et al., 2006).
Members of the genus Bacillus are endospore-forming, aerobic
Gram-positive rods. Bacillus thuringiensis belongs to the Bacillus
cereus group (Fritze, 2004), which contains the pathogens B. cereusQuinn),
bc.edu (S. Caruso),
rill),
esser-Casey),
C. Scott),
(L. Temple).
rk.and Bacillus anthracis (Helgason et al., 2000) in addition to non-
pathogenic species Bacillus mycoides, Bacillus pseudomycoides, B.
thuringiensis subsp. Kurstaki (BtK), and Bacillus weihenstephanensis
(Fritze, 2004). Thus BtK can be safely used as an effective repre-
sentative of B. cereus and B. anthracis. B. thuringiensis also has an
agricultural application, as sporulating B. thuringiensis expresses
the Cry protein that forms intracellular crystals that are speciﬁcally
toxic to insects (Ibrahim et al., 2013). These crystals are routinely
harvested and used as topical biopesticides worldwide (Ibrahim et
al., 2013). To our knowledge, only 38 B. cereus group phages have
been sequenced and submitted to GenBank, and few of these have
been thoroughly annotated and studied (Ibrahim et al., 2013).
In this study, seven BtK phages (Hakuna, Megatron, Evoli,
HoodyT, CAM003, Troll, and Riley) were isolated, puriﬁed, char-
acterized, sequenced, and annotated. A central part of the analysis
involved pairwise comparisons among newly isolated and pre-
viously sequenced Bacillus phages. Such analysis led to the
development of a clustering system similar to that proposed for
Mycobacteriophages (Hatfull et al., 2010). One cluster containing
three subclusters based on sequence similarity, gene content,
phylogenetic analysis, and morphology is proposed.
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The seven phages were isolated and characterized by students
at three different universities: James Madison University, Uni-
versity of Mary Washington, and University of Maryland Baltimore
County (Table 1). Similar protocols were used at all universities
with a few noted variations.
Bacteria and culture conditions
Luria–Bertani Broth (LB) (Thermo Fisher Scientiﬁc, Waltham, MA),
or Trypticase Soy Broth (TSB) (BD Biosciences, San Jose, CA) was used
for growth of Bacillus thuringiensis subsp. Kurstaki (BtK) (American
Type Culture Collection strain 33679) for phage isolation at 30 °C
(Troll, Megatron, Hakuna) or 37 °C (Evoli, Cam003, HoodyT, ). Cultures
were aerated in LB or TSB for 18–24 h in a rotary shaker at 250 rpm.
Lawns or isolation streaks were grown on 1.5% LB, TSB, or Nutrient
Sporulation medium (BD Biosciences, San Jose, CA) agar plates. Bac-
terial strains used for host range testing included Bacillus subtilis 168
(Bs168) (BEI) and Bacillus simplex RWR-2 (BsRWR-2) (this study) and
were grown as above. Bacterial strains, maintained on agar plates,
were stored at 4 °C for routine use and in 50% glycerol stocks or on
ProLab Microbank beads at 80 °C for long-term storage.
Phage isolation
In order to obtain a population of B. thuringiensis speciﬁc phage
particles, approximately 5 ml of soil was enriched with 0.5 ml of a
liquid culture or a suspension from a plate of B. thuringiensis subsp.
Kurstaki (BtK) in 10 ml TSB. Standard phage isolation and char-
acterization methods, detailed by Lorenz et al. (2013), were fol-
lowed. Rapid loss of infectivity, made evident by deteriorating
phage titer over time, was frequently observed. This could have
been caused by separation of phage heads from tails, as seen in a
signiﬁcant fraction of images, or by phage cold sensitivity (Thorne
and Holt, 1974). After the recognition of the rapidly falling titers,
high titer lysates (HTL) were harvested with SM buffer (50 mM
Tris, pH 7.5, 8 mM MgSO4, 100 mM NaCl, 0.002% gelatin), which
provided greater stability for the phage structure. Stocks for long
term storage of phage isolates were prepared as a 1:1 ratio of high-
titer lysate to sterile 40% glycerol and stored at 80 °C. Stocks
were randomly examined after one year at 80 °C and found to
infect BtK.
Host range
Initial spot tests, using undiluted HTL of titers 41.0109 PFU/
ml, were performed to measure phage infectivity of various non-
BtK hosts (Table 2). For phages testing positive, a single plaque was
picked from the secondary host, 1/10 dilutions were prepared, andTable 1
Characteristics of seven B. thuringiensis bacteriophages. All genetic information was gath
Cluster Phage Size of Genome
(bp)
GþC% No. of
genes
No. of tRNA’s No.
tRNA
C1 Hakuna 158,100 38.7 294 0 0
Megatron 158,750 38.8 290 0 0
C2 Evoli 159,656 38.1 293 8 1
HoodyT 159,837 38.0 299 8 1
CAM003 160,541 38.0 296 8 1
C3 Troll 163,019 37.8 293 0 0
Riley 162,816 37.8 291 0 0subsequent full plate infections (using 10 ml of the phage dilution
per plate) were used to determine the titer on each secondary host.
Relative plating efﬁciencies were then calculated by dividing the
titer on the non-BtK host by the observable titer on BtK.
Phage DNA extraction
A nuclease mixture (0.1ug/ml ﬁnal concentration of DNaseI and
RNaseA, New England Biolabs, Ipswich, MA) was added to high titer
phage lysate to remove potential contaminating bacterial DNA.
Phage were concentrated with 4% PEG-8000 and 0.5 M NaCl (ﬁnal
concentration) and incubated at 4 °C overnight. Phage particles
were pelleted by centrifugation for 2 min at 13,000 rpm and sus-
pended in 1 ml sterile diH2O. To extract phage DNA, a modiﬁcation
(Lorenz et al., 2013) of the DNA clean-up protocol from Promega
was used (https://www.promega.com/resources/protocols/techni
cal-bulletins/0/wizard-dna-cleanup-system-protocol/). DNA was
quantiﬁed using a Nanodrop-1000 spectrophotometer (Thermo
Fisher Scientiﬁc, Waltham, MA) and stored at 20 °C.
Electron microscopy
Phage from either lysate or a picked plaque was negatively
stained with 1% uranyl acetate on formvar-coated copper grids and
photographed on a FEI Morgagni 268 transmission electron
microscope (FEI, Hillsboro, OR) which is externally calibrated
annually. Micrographs were printed and the capsid height and
width in nm were measured face-to-face at the largest dimension.
The tail width and length were also measured. Tail width was
measured halfway down the length of the tail. The length was
measured including the neck, but not the base plate. The relative
dimensions were then calculated using the micron marker bar on
the micrograph. A mean, median, standard deviation and standard
error of the mean for each of the six measured dimensions were
calculated for each of the seven phages.
Sequencing and assembly of isolated bacteriophages
Phage genomic DNA (Troll, Riley, Hakuna, and HoodyT) was
sequenced using an Ion Torrent PGM and ﬁnished with Sanger
sequencing using an ABI 3730 DNA Analyzer at the University of
Pittsburgh Department of Biological Sciences and Pittsburgh Bac-
teriophage Institute (Pittsburgh, PA). Genomic DNA from Mega-
tron, Evoli, and CAM003 was sequenced at the Nucleic Acids
Research Facilities at Virginia Commonwealth University (Rich-
mond, VA) on a 454 FLX titanium sequencer. Genomes were
assembled using Newbler 2.4 (454 Life Sciences, Branford, CT) and
analyzed with Consed version 25.0 (Gordon and Green, 2013).
Long terminal repeats were identiﬁed by examining all genomic
reads using Consed (Fig. S1). Areas with a depth of coverageered by analyzing the genomes with Consed, DNA master, Aragorn, and tRNAscan.
pseudo
’s
Length of terminal repeats
(bp)
Isolation temp.
(°C)
University
2779 30 UMW
2826 30 UMW
2448 37 JMU
2390 37 JMU
2465 37 JMU
2711 30 UMBC
2696 30 UMW
Table 2
Gene function table showing the location of genes with identiﬁed functions in the genomes of the seven novel phages.
Gene product Gene number
Hakuna Megatron CAM003 HoodyT Evoli Troll Riley
Additional functions Adenylate kinase 54 55 47 46 49 49 –
Dihydrofolate reductasea 51 52 43 42 45 44 39
Thymidylate synthasea 57 58 49 48 52 50 45
Nicotinamide phophribosyl transferase 65 66 – – – – –
Flavodoxina 136 137 142 141 146 133 126
Exopolyphosphatase 182 – – – – 176 –
FtsK/SpoIII-like protein – – – – – 226 224
ParM – – – – – 220 215
PhoH – – – 54 49
Thioredoxin – 140 144 143 148 136 129
Metallophosphesterase – – – – – 115 108
DNA manipulation DNA helicase 1a 112 113 112 113 116 113 106
DNA helicase 2a 116 117 115 116 119 110 103
Exonuclease IIa 118 119 122 123 126 116 109
Exonuclease Ia 121 122 123 124 127 118 111
DNA primasea 124 125 125 126 129 120 113
Holliday junction resolvasea 130 131 133 131 137 126 120
DNA binding proteina 146 147 151 150 155 141 134
Recombinase Aa 173 174 186 183 186 113 161
DNA polymerase Ia 184 185 195 192 195 177 169
DNA translocase – – 237 230 243 – –
I-BasI – 156 164 163 168 – –
Methyltransferase – – – – – 201 193
ssDNA binding domain – – – – – 164 –
HTH binding domaina 113, 114 114, 115 71, 113, 114,
273
70, 114, 115,
259
73, 117, 118 72, 111, 112,
258
66,104,
105,259
DNA polymerase IIa 154, 155 155, 157 163, 165 162, 164 167,169 149 142
Lysis Endolysina 67 68 59 58 61 59 54
Holina 178 179 191 188 190 173 166
Hydrolase 200 199 – – – – –
Packaging Terminase large subunita 69 70 61 60 63 61 56
Prohead proteasea 81 83 84 83 88 75 69
Portal proteina 91 81, 93 82, 95 81 86, 98 74 68
RNA manipulation Ribose-phosphate pyrophosphokinase 66 67 – – – – –
dUTP nucleotidohydrolasea 126 127 127 127 131 122 115
Ribonucleotide-diphosphate reductase,
alpha subunita
132 133 134 132 138 127 121
Ribonucleotide-diphosphate reductase, beta
subunita
135 136 141 140 145 132 125
RNA polymerase sigma factor sigma-28 175 177 188 185 188 – –
RNA polymerase, sigF-like 223 220 – – – 209 201
RNA helicase – – – – – 265 –
RNA ligase – – 255 246 261 250 250
RNA-splicing ligase RtcB – – 17 16 19 – –
RNA polymerase sigma factora – – 218 213 221 170 164
Structural Capsid proteina 83 85 86 85 90 77 71
Tail sheatha 90 92 93 93 97 84 78
Tail lysin 2a 97 99 98 98 102 94 88
Tail lysin 1a 98 100 99 100 103 97 90
Tail ﬁber protein 99 101 100 101 104 – 91
Minor tail proteina 100 102 101 102 105 98,99 92
Baseplate proteina 107 108 107 108 110 105 98
Baseplate J proteina 108 109 108 109 112 106 99
Tail proteina 110 111 110 111 114 108 101
Beta-lactamase like hydrolase 231 228 220 230 215 210
Tail assembly chaperone – – – – – 92, 93 –
Tail tube – – 94 94 98 85 79
tRNAs tRNA-Asn(gtt) – – 72 71 76 – –
tRNA-Asp(gtc) – – 76 75 80 – –
tRNA-Gln(ttg) – – 73 72 77 – –
tRNA-Leu(tag) – – 77 76 81 – –
tRNA-Ser(gct) – – 80 79 84 – –
tRNA-Ser(tga) – – 75 74 79 – –
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Table 2 (continued )
Gene product Gene number
Hakuna Megatron CAM003 HoodyT Evoli Troll Riley
tRNA-Trp(cca) – – 74 73 78 – –
tRNA-Tyr(gta) – – 78 77 82 – –
a Indicates genes that are considered to be a part of the core genome for Bacillus cluster C phages due to their presence in all seven genomes.
Fig. 1. Transmission electron micrographs taken of lysates or picked plaques of the 7 Bacillus phages. Phages were negatively stained for 2 min using 1% uranyl acetate. All
micrographs are of the samemagniﬁcation (scale bar indicates 100 nm). A: Two Riley phage showing non-contracted tails and slightly larger capsids; B: Two Evoli phage, the tail on
the left is contracted. A thin neck region between the capsid and tail was observed; C: CAM; D: Hoody T; E: Troll; F: Hakuna, note the slightly smaller capsid; and G: Megatron.
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reads beginning and ending in the same region were determined
to be terminally repeated regions. These terminal repeats were
conﬁrmed in phage Troll by Sanger sequencing.Genome annotation
Phage genomes were auto-annotated using both GeneMark.
hmm-P version 2.8 (Borodovsky and Lomsadze, 2011; Anon,) with
B. thuringiensis Konkukian as the model strain and Glimmer’s self-
training gene prediction model, version 3.02 (Delcher et al., 1999),
using ATG, GTG, and TTG as start codons. Annotations were reﬁned
in DNA Master (Lawrence Lab, University of Pittsburgh, http://
cobamide2.bio.pitt.edu/) using criteria described by Lorenz et al.
(2013).Gene function analysis
The GenBank non-redundant database was queried using
BLASTp with each predicted protein sequence. Sequences match-
ing proteins with putative function and an e-value below 1105
were subject to a more stringent screening using HHpred (Soding
et al., 2005) and were then listed as proteins with inferred func-
tions only if the protein sequence had a high probability (485%)
and a substantial percent coverage (450%) when compared to the
HHpred database. Some of the proteins that had low e-value but
low coverage were determined to contain a conserved domain, but
a putative function could not be inferred from this information
alone. Final gene functions were assigned after comparison to
previously annotated phages.
Phage Evoli was randomly chosen as the prototype for cluster C
phages. Its GenBank ﬁle was visualized with DNAPlotter in the
A.B. Sauder et al. / Virology 489 (2016) 243–251 247Artemis suite (Carver et al., 2012) and adjusted to display genes
with predicted function.Splitstree analysis
To perform the SplitsTree (Kloepper and Huson, 2008) analysis,
Phamerator (Cresawn et al., 2011) was used to create a truth table
for each gene contained in the phages. The SplitsTree program
created an unrooted tree based on the presence or absence of
protein phams (families) in each genome.Intron analysis
The intron sequences of phages HoodyT, CAM003, and Mega-
tron were analyzed by comparison to Bastille, W.Ph, SPO1, and
each other using BLASTn (Altschul et al., 1990). Sequence com-
parison dot plots were made using Jdotter (Brodie et al., 2004)and
ClustalW (Larkin et al., 2007).Comparative genomics analysis
Comparisons were made between the seven B. thuringiensis
phages isolated in this study and three Bacillus phages found in
GenBank (W.Ph, Bastille, and SPO1; see Fig. 2 for accession num-
bers). The average nucleotide identity of the phage genomes was
analyzed using BLASTn (Altschul et al., 1990). Gepard (Krumsiek et
al., 2007) and SplitsTree (Kloepper and Huson, 2008) were also
used to compare and cluster the phages.Fig. 2. Splits tree (Kloepper and Huson, 2008) created from Phamerator (Cresawn
et al., 2011). A truth table was created based on the phams present in each phage.
Phages that are closer together are more closely related. The phages circled in
orange were placed in subcluster C1; the phages circled in blue were placed in
subcluster C2; the phages circled in purple were placed in subcluster C3. Clusters A
and B phages are also circled in red and green, respectively, for comparison. The bar
in the bottom right represents 0.01 units. All phage genomes can be accessed
through GenBank except Pleiades, Polaris, and Pegasus, which are incompletely
analyzed genomes in a privately held database. Andromeda, KC330684.1; Taylor,
KC330682.1; Eoghan, KC330680.1; Gemini, KC330681.1; Curly, KC330679.1; Finn,
KC330683.1; Hakuna, KJ489399; Megatron, KJ489401; W.Ph., HM144387.1; Evoli,
KJ489398; HoodyT, KJ489400; CAM003, KJ489397; Bastille, JF966203.1; Troll,
KF208639.2; Riley, KJ489402.Non-coding regions and tRNAs
Sequence variability in non-coding regions was analyzed by per-
forming multiple sequence alignments in ClustalW and visually
inspecting sequence conservation using BioEdit entropy plots (Hall,
1999). Regions with signiﬁcant sequence conservation across all
phages were analyzed with MEME (Schattner et al., 2005) for the
presence of palindromic motifs between 30 and 60 bp long with zero
or one instances per sequence. Search for and analysis of tRNA genes
was completed using tRNAscan-SE (Schattner et al., 2005; Lowe and
Eddy, 1997) and Aragorn (Laslett and Canback, 2004). Comparison of
codon usage bias proﬁles in phage genomes was performed with
scnRCA (O'Neill et al., 2014), using a reference set of translationally-
biased genes isolated from the B. thuringiensis Konkukian genome.
Endolysin grouping
Functional domain analysis of the phage endolysins was per-
formed using InterProScan (Zdobnov and Apweiler, 2001). The
output revealed conserved domains within the protein. Endolysins
were categorized into the four groups deﬁned by Lee et al. (2014).Results and discussion
Demographics
Each phage was isolated from soil within a 250-mile radius in
Virginia, Maryland, or New Jersey, U.S.A. in August–September, 2012.
These were grouped into a single cluster (see below). Having isolated
numerous Bacillus phages over a period of eight years, we have found
that we obtain similar phages when a single host strain is used with
similar medium and temperatures, despite large geographic dis-
tribution (this study, Lorenz et al. (2013), and our unpublished
observations). The similarity is based on whole genome sequencing
as well as sequencing limited loci PCR amplicons of unsequenced
phages from the same cohort. At the same time, we occasionally saw
morphologically diverse phages with unrelated genomes in these
groups, and these differences were not tied to geographical location
of the sample. Similarly, Pope a sampled geographically distinct areas
for Mycobacteriophages and found no correlation between genome
type and the location of isolation (Pope et al., 2011).
Morphology
The isolated phages belong to the Myoviridae family based on the
observed contractile tails (Fig. 1). Capsid width ranged from 63 to
78 nm, and capsid height ranged from 68 to 84 nm. Hakuna had the
smallest capsid and Troll had the largest, which corresponded to
genome size. Non-contracted tail lengths ranged from 153 to 181 nm
and non-contracted widths ranged from 13 to 18 nm. When con-
tracted, the tail lengths ranged from 86 to 102 nm and tail widths
ranged from 18 to 24 nm. The curved tails seen in Riley were con-
sistently present for this phage in 4 independently prepared grids
and were thought to be artifacts of the microscopy grid preparation.
Basic genome information
Genome sizes ranged from 158,750 to 163,019 bp, encoded 291–
299 genes, had GþC% contents 38.370.5%, and had terminally
repeated regions that ranged from 2390 to 2826 bp. The phages were
syntenic with each other and with Bastille and W.Ph., and each
contained a typical phage gene set (Table 2) (Klumpp et al., 2014).
These seven Myoviridae phages isolated on BtK ﬁt into the
category of SPO1-like phages described by Klumpp et al. (2010).
The genomes were slightly larger than the SPO1-like phages
Fig. 3. Protein coding map of phage Evoli. Arrows represent protein coding genes for which functions could be determined and are facing the way they are oriented in the
genome. Colors of the arrows are colored according to function that is grouped in Table 5. Dark blue is for packaging, light blue is for additional gene functions, green is for
structural, orange is for DNA manipulation, yellow is for lysis genes, red is for RNA manipulation, and thin gray line between arrows represent hypothetical proteins. *Helix-
turn-Helix binding domain will be abbreviated HTH BD for all following instances of that protein.
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Twort-like genus, such as terminal redundancy and shared
homology to predicted genes from SPO1. These characteristics
placed the phages in the ICTV approved Spounavirinae subfamily
(Klumpp et al., 2010).
Proposed clustering of related phages
The large collection of sequenced mycobacteriophages has been
clustered using the program Phamerator that establishes a thresh-
old for clustering based on nucleic acid similarity (Cresawn et al.,
2011). In this study, we utilized a similar method of clustering for
phages that infect B. cereus group species. Most reported Bacillus
cereus group phages have broad host ranges (El-Arabi et al., 2013;
Ruhfel et al., 1984); therefore, clustering by nucleic acid similarity
provides a more consistent classiﬁcation system than referring to
the phage by the host upon which it was ﬁrst isolated.
The phages isolated in this study and those used for comparison
(W.Ph. and Bastille) were grouped into a single cluster, Cluster C, with
three distinct subclusters, complementing the B. pumilus phages
clusters A and B characterized by Lorenz et al.(Table 1). The Bacillus
cereus group phage genomes described in this study are much larger
and share a lower average nucleotide identity to those of the pre-
viously described clusters A and B genomes (Lorenz et al., 2013) or to
the well characterized B. subtilis phage SPO1 (Fig. S2), granting their
placement into a new cluster. They are further separated into three
distinct subclusters based on a 480% nucleotide similarity criterion:
(1) Megatron, Hakuna, and W.Ph.; (2) CAM003, HoodyT, Bastille, and
Evoli; (3) Troll and Riley (Table S1). Clustering by nucleotide similarity
matches clustering based on evolutionary distances of the predicted
proteins, as shown by SplitsTree analysis (Fig. 3). These clustering
results agree with that of Grose et al. (2014), although the nomen-
clature differs.
Gene content analysis
Functional predictions were made for an average of 48 putative
proteins per genome, excluding the predicted tRNA genes. The Evoligenome, representative of the cluster C genomes, is depicted in
Fig. 3 to illustrate the gene arrangement. Both predicted proteins
and gene arrangement were typical of published Bacillus phages
(Lee et al., 2014; Klumpp et al., 2010). These are likely virulent
phages, as none of the isolated phages contained any protein-
coding genes with signiﬁcant homology to known integrases or
recombinases, and efforts to isolate lysogens were unsuccessful.
Features of further interest are described below.
Presence of introns
Three phages isolated in this study, CAM003, HoodyT, and Mega-
tron, contained an intron in the DNA polymerase II gene (Fig. S3a). A
fourth, Hakuna, had an interrupted DNA polymerase II gene, but no
intron, as conﬁrmed by re-sequencing the region (Fig. S3a). No other
introns or interruptions were observed in other cluster C3 phages.
Landthaler and Shub compared the self-splicing, homing endonu-
clease encoded in the intron of Bacillus phage Bastille (I-BasI) (Fig. S3b)
to the well-studied endonuclease of SPO1 (I-HmuI) (Landthaler and
Shub, 2003). Cluster C2 phages CAM003 and HoodyT had very similar
introns to Bastille (98–100% nucleotide identity), while these introns
were more distantly related to the introns contained in SPO1 and W.
Ph (Fig. S3b). Further, the third member of subcluster C2, Evoli, did not
have an intron at all. The homing endonuclease was present in cluster
C1 phage Megatron, but with only 73% nucleotide identity to Bastille,
and was not present in Hakuna. Instead, Hakuna had an insertion of
38 bp in the DNA polymerase II gene. It is possible that the DNA
polymerase II gene in Hakuna is transcribed and translated into a
functional protein using a mechanism similar to the 50-nt transla-
tional bypass as shown in Enterobacteria phage T4 (Huang et al., 1988).
Endolysins
Lee et al. characterized phages by the domains present in their
endolysins(Lee et al., 2014). Applying this to the current study, phages
Bastille, HoodyT, CAM003, and Evoli endolysins were found to contain
the glycoside hydrolase family 25 and N-acetylmuramoyl-L-alanine
amidase domains. Riley and Troll endolysins contained peptidase
M15B/M15C and SH3-like domains. Megatron, W.Ph, and Hakuna
Table 3
Relative plaquing efﬁciencies of phages that infected test bacteria, Bacillus subitilis168 and Bacillus simplex RWR-2 on a detectable level. Efﬁciencies are reported as fractions
of the apparent titer on the test bacteria divided by the titer on BtK, the host on which the phages were originally isolated.
Cluster Phage Titer in pfu/ml on
BtK
Apparent titer on B.
subtilus168
Relative plaquing
efﬁciency
Apparent titer on B. simplex
RWR-2
Relative plaquing
efﬁciency
C1 Hakuna 2.01011 2.0106 1.0105 4.0105 2.0106
Megatrona 5.01010 7.3105 1.5105 – –
C2 Evolib 2.01010 1.0104 5.0107 – –
CAM003 1.01011 5.3106 5.3105 2.0105 2.0106
HoodyTc 1.0109 – – 3.0104 3.0105
C3 Trolld 3.01010 – – – –
Rileye 1.51012 2.0104 1.3108 – –
a Negative means infection was not detected when 5.0108 pfu were plated.
b Negative means infection was not detected when 2.0108 pfu were plated.
c Negative means infection was not detected when 1.0107 pfu were plated.
d Negative means infection was not detected when 3.0108 pfu were plated.
e Negative means infection was not detected when 1.51010 pfu were plated.
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domains. All of the endolysins of cluster C phages were categorized
into the pre-established group designations (6): subcluster C1 phages
containing group I endolysins, subcluster C2 phages containing group
IV endolysins, and subcluster C3 phages containing group III endoly-
sins. The endolysins were homologous within each subcluster.
tRNAs
All phages in subcluster C2 (CAM003, HoodyT, and Evoli) con-
tained 8 tRNAs and 1 pseudo-tRNA in the region from approxi-
mately 3200 to 3400 bp (Table 2). This pattern indicates a close
relationship and possibly a shared lineage between the three C2
phages, providing support for the proposed clustering. No tRNAs
were detected in the genomes of the phages in subclusters C1
(Megatron and Hakuna) or C3 (Troll and Riley). Instead, this region
represented an unusually large non-protein coding region ranging
from 816 to 2548 bp in length that was present in the cluster C1
and C3 phages. This region shared nucleotide conservation only
within the subclusters. The presence of the tRNAs in the C2 phages
might suggest a differing codon bias from the host (Bailly-Bechet
et al., 2007); however, comparisons with codon preference of the
host genome did not reveal such a difference.
Analysis of terminal repeats
Genes were encoded in the long terminal repeats (LTR) of all of
the phages isolated in this study. Phages Megatron, Evoli, HoodyT,
and CAM003 had two genes called in the LTR and Troll had ﬁve.
Hakuna had two complete genes located in the LTR with a third
that began in the LTR and extended beyond the repeated
sequence; similarly Riley had eight genes called completely in the
LTR and a ninth beginning in the LTR. These LTR-predicted proteins
could not be assigned putative functions. These repeats share 44%
nucleotide sequence identity with Bastille and W.Ph, according to
multiple sequence alignments in ClustalW2 (Table 1). Motif ana-
lysis with MEME revealed several palindromic motifs in these
terminally repeated regions, which might be indicative of sec-
ondary RNA structure or act as recombination sequences (Fig. S4).
Quantitative host range analysis
Host range (Table 3) was determined by performing initial spot
tests using three Bacillus hosts in which a positive result was
deﬁned as any clearing due to 4109 phage in a lawn of bacteria.
Relative plating efﬁciencies were calculated for phages that infected
Bacillus strains Bs168 and BsRWR2 (Table 3), isolates that served asrepresentatives of phylogenetically distinct Bacillus groups (Xu and
Cote, 2003). The results in Table 3 show highly variable relative
plating efﬁciencies across distinct Bacillus groups. Phages Hakuna
and CAM003 gave plaques at low efﬁciency on both additional
Bacillus groups, whereas Megatron, Evoli, HoodyT, and Riley were
only able to plaque on B. subtilis 168, and Troll infected none at
detectable levels. Independent stocks (derived from isolated pla-
ques on B. thuringiensis Kurstaki) of some phages were tested and
gave similar plating efﬁciencies to those shown in Table 3, negating
the possibility that the rare plaques were due to contaminating
phages. These surprising data may suggest that genomes of six of
our seven phages can get modiﬁed to be resistant, for example to a
restriction system (Bertani and Weigle, 1953; Luria and Human,
1952; Loenen et al., 2014) present in the alternative host, or that
rare, spontaneous mutants can be selected for that have acquired an
expanded host range allowing growth on Bacillus strains only dis-
tantly related to B. thuringiensis Kurstaki. These results are repre-
sentative of a more comprehensive ongoing host range study in
which we see a number of new B. cereus group phages able to infect
a variety of different Bacillus hosts. In fact, it is a minority of phages
that infect only the strain upon which they were isolated (our
unpublished observations). Notably, all of the phages except for
Troll infected a variety of hosts. While one might argue that Bacillus
phages are promiscuous due to the relatedness of Bacillus species,
we purposefully chose to test hosts that represent widely different
groups across the Bacillus genus. These observations are quite dif-
ferent from the conventional wisdom that phages usually have a
very small host range, often limited even to a single strain (Hyman
and Abedon, 2010)Conclusions
Seven dsDNA Myoviridae phages that infect B. thuringiensis
Kurstaki were isolated from soil in this study. The phages were
sequenced, and the genomes were annotated and compared. The
three comparisons, with further support by genomic synteny, have
led to a proposed single cluster (C) to which all seven phages
belong. B. pumilus phages characterized by Lorenz et al. constituted
clusters A and B (Table 1). This subclustering is supported by the
gene content (Table S1), endolysin groupings, nucleotide similarity
(Fig. S2 and Table S1), and phylogenetic analysis (Fig. 3). Subcluster
C2 phages contain 8 tRNAs and a pseudo-tRNA, while the other two
subclusters contain non-coding regions which may be involved in
transcription (Cui et al., 2013) All seven phages had putative genes
A.B. Sauder et al. / Virology 489 (2016) 243–251250located within the long terminal repeats. Three phages contained
an intron in the DNA polymerase gene encoding a homing endo-
nuclease; one phage contained an interrupted DNA polymerase
gene, and three phages contained an intact DNA polymerase gene.
Future studies could provide insight into temporal patterns,
effects of isolation temperature, essential gene content, and geno-
mic diversity of bacteriophages that infect B. thuringiensis. Lee et al.
(6) have provided a glimpse into the diversity of phages that infect
the B. cereus sensu lato group, but further work should be done to
examine the differences and similarities between the phages.
The proposed clustering system of the Bacillus phages categorizes
all of the phages that infect a species of Bacillus into a single group
that is then subclustered based on gene content and nucleotide
identity of 460%. This decision was made based on the broad pla-
quing host range capabilities demonstrated by the phages (Table 3).
The broad host ranges observed make it difﬁcult to correctly sort the
phages into groups based on the original isolation host. Furthermore,
subclusters can be established within a speciﬁc cluster if a group of
phages share 480% nucleotide identity with supporting evidence
including genomic synteny and phylogeny. This is a more inclusive
way to compare and categorize all Bacillus phages.Acknowledgments
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